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NOMENCLATURE

axial force coefficient

drag coefficient

rolling moment coefficient
pitching moment coefficient

normal force coefficient

yawing moment coefficient

side force coefficient

reference diameter, Dpef = 146 in.
external fuel tank

filament wound motor case

high performance nozzle extension
reference length, LRes = 1789.6 im.
freestream Mach number

moment reference point, 0.59Lgef from nose
freestream total pressure, psi
freestream static pressure, psi
freestream dynamic pressure, psi
freestream Reynolds number, 1/ft
solid rocket booster

standard nozzle extension

body axes
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NOMENCLATURE (CONCLUDED)
missile axes
angle of attack, deg
trim angle of attack, deg

center of pressure coefficient increment due to nozzle
extension

pitching moment coefficient increment due to nozzle
extension

normal force coefficient increment due to nozzle
extension

roll angle, deg
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1. INTRODUCTION

The objective of this work was to update the present Space Shuttle
Solid Rocket Booster (SRB) baseline reentry aerodynamic data base and to
develop a new reentry data base for the filament wound case SRB along with

- individual protuberance increments. Lockheed's procedures for performing
these taske are discussed herein.

The Space Shuttle launch configuration consists of a delta wing Orb-
iter, a large External Tank (ET), and two Solid Rocket Boosters. At launch
the Orbiter engines and the two SRBs are ignited. The SRBs burn out at an
altitude of approximately 140,000 feet. After burnout, the SRBe separate
from the Shuttle launch configuration and free-fall toward the ocean. At
approximately 17,000 feet altitude, parachutes are deployed which lower each
SRB into the ocean with an impact velocity of approximately 80 feet per
second. The SRBs are designed to be recovered, refurbighed, and reused.

Free- fall of the SRBs after ssparation from the Space Shuttle Launch
Vehicle is completely uncontrolled. However, the SRBs must decelerate to a
velocity and attitude that is sulitable for parachute deployment. To deter-
mine the SRB reentry trajectory parameters, including the rate of decelera-
tion and attitude history during free-fall, engineers at Marshall Space
Flight Center are using a six-degree-of-freedom computer program to predict
dynamic behavior. Statlic stability aerodynamic coefficlents are part of the
information required for input into this computer program.

Lockheed analyzed the existing reentry aerodynamic data tape (Data Tape
5) for the current steel case SRB. This analysis resulted in the
development of Data Tape 7. The Data Tape 5 serodynamic math model for the

1-1
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1. INTRODUCTION

The objective of this work was to update the present Space Shuttle
Solid Rocket Booster (SRB) baseline reentry aerodynamic data base and to
develop a new reentry data base for the filament wound case SRB along with

individual protuberance increments. Lockheed's procedures for performing

these tasks are discussed herein.

The Space Shuttle launch configuration consists of a delta wing Orb-
iter, a large External Tank (ET), and two Solid Rocket Boosters. At launch
the Orbiter engines and the two SRBs are ignited. The SRBs burn out at an
altitude of approximately 140,000 feet. After burnout, the SRBs separate
from the Shuttle launch configuration and free-fall toward the ocean. At
approximately 17,000 feet altitude, parachutes are deployed which lower each
SRB into the ocean with an impact velocity of approximately 80 feet per

second. The SRBs are designed to be recovered, refurbished, and reused.

Free-fall of the SRBs after separation from the Space Shuttle Launch
Vehicle is completely uncontrolled. However, the SRBs must decelerate to a
velocity and attitude that is suitable for parachute deployment. To deter-
mine the SRB reentry trajectory parameters, including the rate of decelera-
tion and attitude history during free-fall, engineers at Marshall Space
Flight Center are using a six-degree-of-freedom computer program to predict
dynamic behavior. Static stability aerodynamic coefficients are part of the

information required for input into this computer program.
Lockheed analyzed the existing reentry aerodynamic data tape (Data Tape

5) for the current steel case SRB. This analysis resulted in the

development of Data Tape 7. The Data Tape 5 aerodynamic math model for the

1-1
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steel case SRB reentry trajectory was modified to eliminate previous

anomalies in the data base and provide more accurate results by expanding
the math model. ‘

A Filament Wound Case (FWC) SRB is planned which is approximately
30,000 pounds lighter than the current steel case baseline SRB. Like the
current Solid Rocket Booster, the FWC SRB will alsoc be recoverable. Because
the FWC SRB will incorporate several configuration changes, it was necessary
to develop a new reentry aerodynamic data tape (Data Tape 8). The aerody-
namic characteristics of the FWC booster were therefore determined by a
scaled model wind tunnel test designated as TWT 6¢91. This test was planned
and implemented by MSFC and Lockheed-Huntsville personnel in MSFC's l4-Inch
Trisonic Wind Tunnel (TWT). Lockheed's analysis of the results of this test
culminated in the development of the FWC SRB reentry static stability

coefficients, hereinafter referred to as Data Tape 8.

The configuration changes planned for the FWC SRB will alter both the
total vehicle aerodynamics and the resulting dynamic behavior of the SRB
during reentry. Lockheed has developed a math model for these configuration
changes. Data from wind tunnel test TWT 691 were analyzed and aerodynamic
increments for the systems tunnel.'stiffener rings, external tank attach
ring, and high performance nozzle were developed. These individual

protuberance increments will enable configuration changes to be easily
modeled.

Data Tape 7, Data Tape 8, and the individual configuration increments
are available in magnetic tape form in MSFC's computer tape library. Data
Tape 7 is available in tabular and graphical form in Appendixes A and B, re-
spectively, of the Lockheed report which describes the development of that
data base (Ref. 1). Tabular data for Data Tape 8 and the individual protub-
erance increments, as well as plots of the high performance nozzle incre-
ments, are contained in Appendix A of this report. Data Tape 8 is presented

graphically in Appendix B of this report.

1-2
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A complete description of the analyses performed to develop Data Tape
7, Data Tape 8, and the configuration increments, is presented herein along

with a description of the procedures used in the development of the data
base.

1-3
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The TWT 691 test was planned and conducted by MSFC and Lockheed-
Huntsville personnel in the MSFC l4-—inch TWT. The purpose of this test was
to provide data for development of the aerodynamic static stability
characteristics of che Filament Wound Case (FWC) SRB configuration during
reentry, The focus of the test was to obtain reentry data in the Mach range
of 0.4 to 2.99 for the angle-of-attack range of 100 to 180 degrees at roll
angles of 0, 45, and 90 degrees. Additional configurations were run to
provide data for the development of aerodynamic coefficient increments for
the attach rings, stiffener rings, systems tunnels, and high performance
nozzle for both the steel case and FWC SRB configurations. These increments
will enable flight configurations to be modeled by simply adding or
subtracting the necessary increments. For further discussion on test TWT

691 see Section 5.1 and Ref. 3.

The TWT 694 test program was designed to obtain the aerodynamic roll
characteristics of the Space Shuttle 146-inch diameter SRB reentry configu-
ration with a redesigned systems tunnel and external tank attach ring over a
portion of its reentry flight regime. The test was conducted in the MSFC
l4-inch TWT for Mach numbers of 2.74, 3.48. and 4,96, angles of attack from
150 to 190 degrees, and roll angles from O to 360 degrees. A more detailed
discussion of this test 1s available in Ref. 4. Data from tests TWT 694 and
- TWT 691 were used in the development of the FWC SRB reentry aerodynamic math

model (Data Tape 8) and the individual protuberance increments.

The TWT 678 test program was designed to obtain high performance nozzle
increments. This test was used along with the TWT 691 test program in the

development of the high performance nozzle increment.

2-3
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3. SRB AERODYNAMIC DATA TAPES

A number of wind tunnel tests have been conducted on SRB models in var-
ious wind tunnel facilities in order to supply static aerodynamic force and
moment coefficients for input into the MSFC six-degree-of-freedom reentry
computer simulations. The purpose of conducting the dynamic simulations is
to predict the SRB attitude, velocity and deceleration rates, etc., of the
reentry trajectory. These wind tunnel tests as described in Section 2 have
been the basis for several iterations in the static stability reentry aero-
dynamic data base. In this section the history of the data tapes is traced

to provide a background for future data base development.

Each of the following data tapes have recorded data listings of
M Cy, Cy» CA Cy), in the
missile axis system (see Fig. 3-1) for the right side Space Shuttle SRB with

the nozzle extension removed. The data cover the Mach number range from 0.4

six-component aerodynamic coefficients (CN, c

to 3.5. The angle of attack range is from zero to 180 degrees in five de-
gree increments and the roll angle range is from zero to 360 degrees in 45

degree increments.

Data Tape 1 was developed from test TWT 640 (SA14F) in April 1976 by
W.W. Boyle, W.F. Braddock, and Bobby Conine using a computer graphics
system. Since this tape i1s the only aerodynamic math model of the SRB which
was created from an analysis of a complete wind tunnel data base, it 1is the

basis. for all subsequent math models.

Data Tape 2 was developed by modifying Data Tape 1 data with wind
tunnel test data from tests SA11F, SA16F, SA21F., These tests provided data
for a large model, thin sting, and roll trim, respectively. This tape was
developed in March 1977 by Boyle, Braddock, and Conine. The resulting aero-

dynamic math model (Data Tape 2) produced significantly better dynamic

3-1
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O
k-d
e}

Note: Positive direction of force
coefficients, moment coefficients,
and angles are indicated by arrows.

Fig. 3-1 Missile Axlis Systems for Right Side of SRB
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4.1 STING INTERFERENCE DATA

Analysis results of the wind tunnel test data from SRB sting interfer-
ence tests TWT 660 and HRWT 042 were used to evaluate the sting interference
effects that should be removed from the Space Shuttle SRB reentry aerody-
namic data., The wind tunnel tests consisted of a transonic test, in the
MSFC 14-Inch Trisonic Wind Tumnel (TWT 660) and a subsonic test, in the MSFC
High Reynolds Number Wind Tunnel (HRWT 042). The test program was designed
to obtain six—component static stability data on a model of the Space
Shuttle 1l46-inch diameter right SRB model mounted on various sting arrange-
ments and combinations to determine the sting effects. The results of these
tests provided a data base that can be used to increment force and moment

coefficients to develop corrections due to sting effects in the SRB reentry

aerodynamic data base.

These sting interference test programs were used to correct the Mach
0.5 data and to develop Mach 0.55 and 1.05 data base. Figure 4-1 shows
normal force as a function of angle of attack for Mach 1.05. Data Tape 1
was used as the basic data which was then corrected for sting interference
using the TWT 660 test results. The Data Tape 7 curve shows the results
after Data Tape 1 was corrected for sting interference. Figure 4-2 depicts
normal force as a function of Mach number. This plot was used as a check
for the results found in Fig. 4-1. Figure 4-3 shows pitching moment as a
function of angle of attack for Mach 1.05., The Data Tape 7 curve shows the
results after Data Tape 1 was corrected for sting interference. Figure 4-4

shows pitching moment as a function of Mach number. These results correlate
well with those of Fig. 4-3,

4.2 ADDITIONS TO DATA BASE

The flight angle of attack history superimposed on the predicted trim
angle of attack is presented in Fig. 4-5. The flight data band shows a
large pitch down below Mach 1.0 which indicates that near Mach 1.0 there

must be a large negative pitching moment coefficient acting on the SRB
4-2
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77N M=1.05, ¢ = 0 deg
Data Tape 7/ \

Sting Interfercnce
Correction (TWI 600)

‘:R.‘\-Data Tape 1 With
.\‘\

Data Tape 1

| I ) | LR I { | L
20 40 60 80 100 120 140 160 180

Angle of Attack, a

Fig. 4-1 CN Sting Interference Correction vs
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Fig. 4-2 CN Sting Interference Correction vs Mach Number
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Fig. 4-3 Cy Sting Interference Correction vs a
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Fig. 4-4 CM Sting Interference Correction vs Mach Number
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Fig. 4-5 STS-1, -2 Angle of Attack and Trim a Band

near an angle of attack of 125 degrees. The figure shows that Data Tape 5
trim angles are close to the flight data trends for Mach numbers at and
above 1.,1. Below Mach 1.1 the trim angle of attack is different from the
flight angle of attack. This is believed to be due to a large negative
pitching moment coefficients near Mach 1.0 which was not represented on Data
Tape 5 because of the distribution of the Mach numbers used in making the
tape. The addition of data at Mach 1.05 shows that there is a potential for

large negative pitching moment coefficients in this regime.

Analysis of the high Reynolds number test program HRWT 042 depicted in
Fig. 4-6 shows the need to add not only Mach 1.05 but also Mach 0.55 to the
data base. Linear interpolation of Data Tape 5 values between Mach 0.5 and

4-7
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Sym. Configuration
_ O Tape 5
T
I Corrected TWT 660 Data
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Fig. 4-6 Pitching Moment vs Mach Number, @ = 125 deg, ¢ = 90 deg
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0.6 would not correctly represent the pitching moment value at Mach 0.55
since Mach 0.55 data are closer in value to Mach 0.6 than Mach 0.5. Figure
4-6 also shows the linear interpolation errors from Mach 0.9 to Mach 1l.1.
These deficiencies in the existing baseline aerodynamic data tape necessi-

tated the addition of Mach 0.55 and 1.05 to the data base.
4.3 CORRECTION OF ANOMALIES IN THE DATA BASE

Careful analysis of Data Tape 5 resulted in the discovery of several
anomalies in the data base which originated during the development of Data

Tape 2. The corrections in Data Tape 7 warrant increased confidence in the

accuracy of the math model.

Mach 3.0 normal force coefficient was corrected at a roll angle of 225
degrees. This correction was necessary to smooth the normal force versus
angle of attack curve so that all roll angles would have the same trends.
Plots of normal force versus angle of attack were used to determine the re-
quired increments to correct Data Tape 5. Figure 4-7 depicts Data Tape 5

and Data Tape 7 after the corrections were made.

The axial force coefficient for Mach 0.9 also required correcting at
225 degrees roll angle. A sighificant difference from the other roll angles
at high angles of attack was the reason this correction was necessary.
Plots of axial force versus angle of attack were used to provide the incre-
ments necessary to achieve consistent frends in the data base. Data Tape 5

versus the corrected Data Tape 7 is shown in Fig. 4-8.

For Mach 0.5, only the pitching moment coefficient required correction.
This-was evident from analyzing the high Reynolds number data at the sub-
sonic regime which showed the pitching moment coefficient at Mach 0.5 was
closer to the value at Mach 0.4 than to that of 0.6 (Fig. 4-6). Figure 4-9

shows one roll angle where Data Tape 5 has been corrected in producing Data
Tape 7.

4-9
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SRB AERODYNAMIC DATA
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Fig. 4-7 Mach 3.0 Corrections for Normal Force
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SRB RERGDYNAMIC DATA

MACH = 0.90 PHI = 225

¥, 00

3.00

2.00

0.00

-1.00

.00

-3.00

-4.00

5.00

0.00 30.00 60.00 0. 00 120.00 150.00  180.00
RNGLE OF RATTACK (<o)

& SRB TAPE 7 DRTA

(0 SRB TAPE 5 DATA

Fig. 4-8 Mach 0.9 Corrections for Axial Force
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Fig. 4-9 Mach 0.5 Corrections for Pitching Moment
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4.4 TABULAR DATA EXAMPLES

Tables 4?L and 4-2 are examples of the format used to present the new
baseline aerodynamic data for the cight side steel case SRB without nozzle
extension (Data Tape 7). Each table consists of six-component force and mo-
ment coefficients as a function of angle of attack from O to 180 degrees in
5 degree increments for a specific Mach number and roll angle. A complete
tabular listing is available in both Appendix A of Ref. 1 and on tape in the
MSFC computer tape library. ‘

4.5 GRAPHICAL DATA EXAMPLES

Figures 4-10 through 4-15 are example plots of Data Tape 7. Each of
the six force and moment coefficients (CN’ CM’ CY’ Cn’ CA’ Cl) was plotted
as a function of angle of attack for a specific Mach number and roll angle.
Appendix B of Ref. 1 presents a complete set of these plots for all Mach

numbers and roll angles.
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SRB TAPE 7 DATA

MACH = 0.80 PHI = 0
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Fig., 4-10 Sample Plot of Normal Force Coefficient for Data Tape 7
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v SRB TAPE 7 DAT

MRCH = 0.80 PHI = 0
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PITCHING MOMENT COE
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Fig. 4-11 Sample Plot of Pitching Moment Coefficient for Data Tape 7
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5. DATA TAPE 8 DEVELOPMENT

Figure 5-1 shows the reentry sequence for the solid rocket boosters.
The SRBs are separated from the Space Shuttle Launch Vehicle following burn-
out of their propellant, Initially, the SRBs enter with a tumbling motion
until they are captured in a trim condition. The trim attitude and flight
condition (dynamic pressure) existing at initiation of the recovery drogue
chute deployment exerts a large influence on the success of the recovery
system. A change in trim attitude prior to drogue deployment can change the
.drag level of the SRB which, in turn, can result in a change in dynamic
pressure environment. Thus, an accurate knowledge of the SRB trim condition

is required.

Unfortunately, at the large angles of attack where the SRBs "trim,”
there can be considerable effects on wind tunnel results due to sting inter-
ference and changes in the flow characteristics with Reynolds number. The
sensitivity of the SRB aerodynamics to Reynolds number effects is felt
largely through a change in separation point of the flow about the cylinder-
like SRB., The presence of protuberances or changes in configuration can
likewise change the flow separation point resulting in changes in the trim
conditions. The new FWC SRBs will incorporate several configuration changes
to some of the SRB protuberances. These design changes include a lower,
wider systems tunnel and a modified external fuel tank (ET) attach ring.
Also, the aft segment stiffener rings are lower and wider in profile, fewer
in number (two instead of three) and have been relocated. The aerodynamics
of the FWC SRB therefore required testing and the data obtained required
careful analysis. The results of this analysis has culminated in the
creation of an FWC reentry aerodynamics data tape (Data Tape 8). This
section outlines the Lockheed rationale used in the Data Tape 8 development.

5-1
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5.1 WIND TUNNEL TEST PROGRAM

Because of a change in protuberances on the FWC SRB design a wind tun-
nel test plan was established by MSFC and lockheed personnel to determine
the aerodynamic characteristics of the FWC booster. This plan made maximum
use of existing test data to minimize the test requirements for FWC booster.
Figure 5-2 presents the SRB reentry angle of attack for STS-1 and STS-2.
This figure was used to develop the required test matrix so that data would
be obtained in the actual flight regime. The test designated TWT 691, was
conducted in the MSFC l4-inch trisonic wind tunnel, an intermittent blowdown

tunnel,

Since the current plan is to incorporate the FWC SRB protuberances on
the steel case SRB, the test matrix included an investigation of the protub-
erance effects on the reentry data. Figure 5-3 presents the "full-up” con-
figuration for the FWC SRB model used in the TWT 691 test. A cross section
of the FWC and steel case systems tunnels are presented in Fig. 5—4a. Note
that the FWC systems tunnel 18 lower and wider than the steel case version.
Figure 5-4b depicts the differences between the steel case and FWC ET attach
- ring. Figure 5-4c presents the FWC aft segment stiffener rings configura-
tion and the steel éase'configuration. Note that there are only two rings
for the FWC configuration and that they are lower and wider in profile. The
nozzle inserts used for this model are presented in Fig. 5-4d. Another dif-
ference between the steel case and FWC configurations is that the steel case
modeled the heat shield while the FWC did not. The heat shield consists of
a round metal screen mounted to the end of the aft skirt with a hole in the

center to accommodate the nozzle.

The test matrix for TWT 691 included Mach numbers 0.4, 0.5, 0.55, 0.6,
0.7, 0.8, 0.9, 0.95, 1.05, 1.1, 1.2, 1.3, 1.46, 1.96, and 2.99. The angle
of attack range was from 100 to 180 deg while the roll angles tested were 0,
45, and 90 deg. For more information on this test program refer to Ref. 3.

FRECEDING PAGE BLANK NOT FILMED
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.086 in.
o R
' ) L017 in.

Steel Case SRB Systems Tunnel

.055 .
L2224

m_f_ .026 in.

FWC SRB Systems Tunnel

Fig. 5-4a Cross-Section Comparison Steel Case and FWC SRB
Systems Tunnels

— |~ .086 in.

.488 in

Steel Case SRB ET Attach Ring
_.| |« .082 in.

1 A

.488 in.
U

L o

FWC SRB ET Attach Ring

Fig. 5-4b Comparison of Steel Case and FWC SRB ET
Attach Rings
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Note: All dimensions
are in inches.
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/
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Fig. 5-4d Cross-Section Comparison of Nozzles
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5.2 INCREMENT MATRIX DEVELOPMENT

Data Tape 8 was created by developing a set of increments for each of
the six aerodynamic coefficients corresponding to the attitudes and Mach
numbers for Data Tape 7. These increments were then added to Data Tape 7 re-
sulting in Data Tape 8. Although another method was originally attempted,
this method was subsequently chosen to eliminate the need to correct the
data for sting interference and Reynolds number effects and to take ad-
vantage of the continuous development which has been incorporated into Data

Tape 7.

The increment matrix was developed by subtracting the steel case SRB
configuration data from the filament wound case SRB configuration data. All
the filament wound case data came from wind tunnel tests TWI-691 and TWT-694
while the steel case data also came from various tests with similar sting
configurations. Table 5~1 shows the plot schedule which was used to hand
plot the data for all coefficients except rolling moment. Figure 5-5 com-
pares TWT-691 rolling moment coefficient data with data from the TWT-694
test which used the sensitive roll balance. Notice the large difference be-
tween the TWT-691 and TWT-694 data. For this reason it was decided to use
only sensitive roll balance data for the development of the rolling moment
coefficient increments even though the available data were very limited.
Table 5-2 shows the plot schedule which was used to hand plot the rolling

moment coefficient data.

These plots created using the plot schedules described above were used
to select the data to develop the increments. Figure 5-6 shows a sample
plot where the data to be used has been selected with a curve faired through
both the steel case and filament wound case configurations. These data were
then cross plotted versus Mach number to ensure data correlation and to de-
velop data for Mach numbers which were not tested. Figures 5-7 and 5-8 show
sample Mach cross plots for the pitching moment coefficient and rolling mo-
ment coefficient, respectively. Figure 5-7 also shows the method used to

develop Mach 0.95 increments. Since Data Tape 7 contained no data for Mach

5-9
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Table 5-1 PLOT SCHEDULE FOR CN’ c

C

M> Vy

LMSC-HEC TR D951500-1

Cym’

€a

" Test

1t = Q0

¢ = 450

¢ = 90°

FWC:
TWT-691
sc:
TWT-691
TWT-678
TWT-660
TWT-669
TWI-640

453/0

255/0

36/0

478/0

430/0

232/0

37/0

501/0

429/0

231/0

60/0

502/0

FWC:
TWT-691
SC:
TWI-691
TWI-678
TWT-660
TWI-669
TWT-640

452/0

152/0

254/0

35/0

479/0

431/0

151/0

233/0

38/0

500/0

428/0

116/0

230/0

59/0

503/0

.55

FWC:
TWT-691
SC:
TWT-691
TWI-678
TWT-660
TWT-669
TWT-640

451/0

153/1

253/0

34/0

480/0

432/0

150/0

234/0

39/0

499/0

427/0

117/0

229/0

58/0

504/0

.6

FWC:
TWI-691
SC:
TWT-691
TWT-678
TWT-660
TWT-669
TWT-640

45/0

154/0
1/2

252/0

285/0
127/0

33/0

1/3
314/0
(43/1)

481/0

9/0

433/0

149/2
12/0

235/0

216/0
277/0
126/0

40/0

12/0
322/0
(54/0)

498/0

426/0

118/0
13/0

228/0

264/0
115/0

5770

13/0
335/0
(55/0)

505/0

FWC:
TWT-691
sC:
TWT-691
TWT-678
TWI-660
TWT-669
TWT~640

449/0

156/0

251/0

32/0

482/0

434/0

147/0

236/0

41/0

497/0

425/0

120/0

227/0

56/0

506/0

= 100"-i20"

= 120°-140°

= 140"-160"
= 160"-180°
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Table 5-1 PLOT SCHEDULE FOR Cy, Cy, Cy» Cyys» C, (Continued)

9= (0 D = 450 ¢ = 9po
M Test A B c D A B C D A B c b

FWC:
TWI-691 | 448/0| 250/0 | 31/0 |(483/0| 435/0} 237/0 | 42/0 |1496/0| 424/0| 226/0| 55/0 |507/0
SC:
TWI-691 2/2 11/0 14/1
.8 TWI-678 | 158/0] 284/0} 315/0 145/0 122/0

TWI-660 | 2/1 128/0 | (44/0) 11/0 | 125/0 | (53/0) 14/0 | 116/0| (56/0)
TWT-669

TWI-640

FWC:
TWT-691 | 447/0] 249/0| 30/0 |[484/0|436/0| 238/0 {43/0 |495/01) 423/0| 225/0| 54/0 |508/0
SC:
TWT-691 3/0 217/0 | 10/1 15/0

.9 TWT-678 283/0 | 316/0 278/0 | 321/0 263/0 | 336/0

TWT-660 | 3/1 129/0} (45/0) 10/0 | 124/0 | (52/0) 15/0 | 117/1} (57/0)
TWI-669 8/0
TWT-640

FWC: .
TWI-691 | 446/0| 248/0| 29/1 |485/0 | 437/0| 239/0 { 44/0 [494/0 ) 422/0} 224/0| 53/0 |509/0

.95 | TWT-691
TWI-678
TWT-660
TWT-669
TWT-640

FWC:
TWI-691 | 445/0| 247/0 | 28/0 |486/0|438/0| 240/1 | 45/0 |493/0 | 421/0( 223/0| 52/0 |510/0

1.05} TWI-691
TWI-678
TWT-660 | 4/1 130/0 | (46/0) 9/1 123/0 | (51/0) 16/0 | 118/0| (58/0)
TWT-669
TWT-640

FWC:
TWT=691 | 444/0| 246/0 27/0 |[487/0]439/0| 241/0 |46/0 1492/0 | 420/0{ 222/0| 51/0 511/0
SC:
1.1 | TWT-691 4/0 218/0 | 9/0 16/0
TWT-678 282/0 | 317/0
TWI-660 | 5/2 131/0 ) (47/0) 8/1 122/1 | (50/0) 17/0 | 119/2| (59/0)
TWT-669
TWT-640

(2l

>
i

= 100"-120
120%-140°
C: o= 140°-160"
160°-180°

-
[}

(=]
=
[}
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Table 5-1 PLOT SCHEDULE FOR Cy, Cy, Cy, Cym» Ca (Concluded)

¢ =0 9 = 459 o = 90°
M Test A B C D A B C D A B c D

FWC:
TWI-691 | 443/0| 245/0] 26/0 |488/0]440/0| 242/0| 47/0 | 491/0| 419/0} 220/0| 50/0 | 512/0
SC:
TWT-691 5/0 219/01 7/0 17/0

1.2 | TWT-678 280/0| 318/0 279/0 | 320/0 262/0{ 337/0
TWI-660 | 6/2 132/0} (48/0) 7/1 121/0| (49/0) 18/0 | 120/2| (60/0)
TWT-669 7/0
TWT-640

FWC:
TWT-691 | 442/0] 244/0) 25/0 |489/0 |441/0{ 243/0| 48/0 |{490/0| 418/0] 221/0| 49/0 | 513/0
SC:

TWI-691 6/0 8/0 18/0
1.3 | TWT-678 281/0| 319/0
TWT-660
TWT-669
TWT~640

FWC:
TWT-691 . 78/0 {650/0 77/0 |649/0 76/0 |648/0
SC:
TWI-691 74/0 73/0 75/0

l.46] TWI-678 255/0{ 344/0 256/0 | 343/0 : 261/0 | 338/0
TWT-660 | 79/0 | 90/0 (63/0) 80/0 | 89/0 (62/0) 81/0 | 88/0 | (61/0)
TWT-669
TWT-640

FWC:
TWT-691 81/1 |645/1 82/0 |646/0 83/0 |647/0
5C:

TWT-691
1.96f TWI-678 247/0} 352/0 246/0 | 353/0 241/0 | 358/0
TWT-660
TWT-669 6/0
TWI~640

FWC:
TWI-691 86/0 |641/0 85/0 [640/0 84/0 |639/0
SC:

THT-691
2.93) TWT-678 234/0) 365/0 |372/0 235/0 | 364/0 | 373/0 240/0 | 359/0
TWI—660
TWT=-669
TWT-640

100”-120°
120°-140°
140°-160°
p: o = 160°-180°

= >
-~ o~
" n

~
=]
"
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Fig. 5-7 Mach Cross Plot for Pitching Moment
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0.95, the data were created by interpolating between Mach 0.9 and 1.05. The
increments were then developed by interpolating between Mach 0.9 and 1.05
for the steel case configuration and subtracting it from the filament wound
case configuration. Figure 5-8 shows the small amount of data which were
available utilizing the sensitive roll balance. Because of this lack of
data at the lower Mach numbers, the increments developed for Mach 1.46 were
used for the lower Mach matrix. This was felt to be acceptable since the
major concern for rolling moment is at maximum dynamic pressure which occurs

at high Mach numbers.

The roliing moment data were also cross plotted versus roll angle.
Figure 5-9 shows a sample plot versus roll angle. These plots were used to

develop rolling moment increments at all roll angles in the Data Tape 7

matrix.

The coefficient difference between the steel case and the filament
wound case configurations were determined and plotted versus angle of
attack. These plots were smoothed to insure a consistent increment. Figure
5-10 shows an example of these plots. The complete matrix was tabulated for

easy entry into a computer data base.
5.3 DATA ANALYSIS

A complete analysis was performed of the resulting increment matrix to
determine what effects they would have upon the aerodynamic static stability
characteristics of the FWC SRB configuration. The change in center of pres-

sure due to the addition of these increments was investigated using the fol-

lowing formula.

Any change which resulted in a ACp which was physically located off the

SRB as measured from the moment reference point was corrected by shifting
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Fig. 5-10 Sample Hand Plot Used for Increment Smoothing
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the pitching moment and normal force increments as necessary to ensure real
increments. Figure 5-11 shows a plot of axial force data from the TWT-691
test. Due to the extremely small increment betweeﬁ the filament wound :ase
and steel case data without heat shield the axial force increments were set
to zero., The difference shown between the triangles and the rest of the
data 1s due to the heat shield.

5.4 COMPUTER ANALYSIS

Five computer codes were developed to assist in the creation of Data
Tape 8. These codes were used on the Lockheed in-house Digital Equipment
Corporation PDP 11/34 computer. One program enabled tabulated increment
matrix to easily be input into a random access file. This program also fa-
cilitated easy modification of this increment file. Because the wind tunnel
test program TWI-691 tested the SRB model only at roll angles of 0, 45, and
90 deg and at angles of attack of 100 to 180 deg, an analysis was performed
to develop a complete increment matrix. The results of this analysis culmi-
nated in the development of two computer codes to expand the increment file
to the full matrix. The first of these programs developed increments be-
tween 0 and 100 deg angle of attack by straight line interpolation back to
" zero, The other program used the following equations to develop the roll
angle matrix for all coefficients except rolling moment which already
included the full roll matrix.

1. Increments @ 0 deg as developed from data

2. Increments @ 45 deg as developed from data

3. Increments @ 90 deg as developed from data

4, Increments @ 135 deg = X * (Increments @ 45 deg)
5. Increments @ 180 deg = X * (Increments @ 0 deg)
6. Increments @ 225 deg = X * (Increments @ 90 deg)
7. Increments @ 270 deg = X * (Increments @ 90 deg)
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8. Increments @ 315 deg = X * (Increments @ 90 deg)

.9. Increments @ 360 deg Increments @ O deg.

Note: The X factor was necessary to achieve the proper sign
for all coefficients. X is equal to 1 for the longitudinal
coefficients (Cy, Cy, Cp) and -1 for the lateral coef-
ficients (Cy Cyp).

The fourth program was developed to add the increment file to Data Tape 7 to
create Data Tape 8. The last program enabled plots to be created of Data
Tape 8 versus Data Tape 7. Figures 5-12 through 5-17 show Data Tape 8 com-
pared with Data Tape 7 for a Mach number of 0.5 and a roll angle of 90 deg.

Plots like these were analyzed to ensure no anomalies were overlooked.

5.5 TABULAR DATA EXAMPLES

Tables 5-3 through 5-5 are examples of the format of the Data Tape 8
coefficients as presented in Appendix A. Each page consists of six-
component force and moment coefficients as a function of angle of attack in
5 deg increments for a specific Mach number and roll angle. Appendix A be-
gins with the coefficients at Mach 0.4 and roll angle of zero, then incre-
ments roll angle in 45 deg increments before proceeding to the next Mach

number. The Mach number range is 0.4 to 3.48.
5.6 GRAPHICAL DATA EXAMPLES

Figures 5-18 through 5-23 are examples of the plots of the Data Tape 8
coefficients as presented in Appendix B. Each coefficient is plotted as a
function of angle of attack for a specific Mach number and roll angle.
Appendix B begins with Mach 0.4 and increments roll angle in 45 degree in-
crements before proceeding to the next Mach number. After all Mach numbers
and roll angles have been plotted for a specific coefficient, a new coef-
ficient is begun. The order of the coefficients is normal force coef-
ficient, CN’ pitching moment coefficient, Cm’ side force coefficient,
Cy,yawing moment coefficient, Cn’ axial force coefficient, CA’ and
rolling moment coefficient, Cg‘
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Fig. 5-12 Data Tape 8 vs Data Tape 7 for Normal Force

5-24

LOCKHEED~HUNTSVILLE ENGINEERING CENTER

150.00  180.00



LMSC-HEC TR D951500-1

SRB RERODYNAMIC DATA

MACH = 0.50 PHI = 45

35.00

30.00

15
i

0.00

-5.00

10.00

H
. .
S PR TIY TIT NP R OE
SRR RASIE-AE A
.

0. 00 20.00 150.00  180.00

0,00 — .35;06 ~ 0.00 1
ANGLE BOF ATTRCK (<o)

& SRAB TAPE 8 DRTA
M SRB TRPE 7 DRTA

Fig. 5-13 Data Tape 8 vs Data Tape 7 for Pitching Moment
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Fig. 5-14 Data Tape 8 vs Data Tape 7 for Side Force
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Fig. 5-15 Data Tape 8 vs Data Tape 7 for Yawing Moment
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Fig. 5-16 Data Tape 8 vs Data Tape 7 for Axial Force
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Table 5-3 SAMPLE OF TABULAR DATA IN APPENDIX A FOR M = 0.4, ¢ = O DEG

FILAMENT WOUND CARSE PluHT SIDE SRB STATIC STRBILITY COEFF ICIENTS

DREF=146 IN MACH= 0.48
LREF=1782.6 IN FHI= Q.
“RPs S3KLREF (STAR 1255.9)

ALPHA CN CM cy cYM CR CR

2. 9.07130000 0.846300800 -0.88850000 0.008700080 8.86049992 ~0.02020000

S. 0.48679390 0.50889998 -0.02880090 9.07630000 2.90120008 -0.916980¢c:0
18. 8.932699°8 1.27179992 -8.82679983 8.137838939 0.288629991 9.014400¢080
15. 1.46090007 2.32500029 0.079560001 0.29755391 1.83520012 0.048409¢10
29. 2.94449987 3.54879999 9.21082e01 -0.82479991 1.081539993 9.869593%9
a2s. 2.70829598 4,98019981 .8.29699998 -0.02435591 8.98%28082 9.06340008
3. 3.46208013 6.63669968 -8.23393991 8.49849999 0.88239982 8.049400c8
3% 4.23650049 8.22518875 -1.73420000 9.80030000 0.76650080 8.83559019
42, 5.20870018 19.17BB9963 -3.49339986 1.12419987 0.625435%8 8.825709e8
BN 6.42350858 12. 48990853 -5.,19399977 1.52539598 9.48640000 8.08142020:Q
S9. 7.51199%61 14,59510048 -6€.00159973 2.11160016 B.33535990 -0.008490%30Q
SS. 8.33800020 15.79708889 -6£.23520041 4.21350082 8.15759598 ~0.081232€¢0
&3. £.955900L83 16.33728016 -5.59589993 2.88748023 -9,00625860 -0.919757:0
ES. 9.35850106 15.98429878 ~5,94599581 -1.21198511 -8,17782420 -@.02z298115¢€
Ta. 9.65799299 15.57B90892 -7.59287357 -6.93188892 -0.32047578 -2.824298¢9
7S, 9.93897€032 15.421480087 -7.96403033 -3.52788271 -9.40720180 -R.P29915L@
39. i8.21809959 14,35720062 -6.73518229 -0.,237298527 -8.35598880 -89.0831398¢d
25. 18.2838983S 12.15580177 -6 .44640684 ~2.68944557 0.34222968 -9.832732u0
S8, 10.28800806S 9.9120000S -5.8833541¢9 -2.41978734 B8.27639240 -9.833145%40
as. 16.4Q999794 6.59779978 ~5.25536823 -2.50583876 0.07446990 -B.93z858¢60
i09. . 18.49939965 4.30870008 -4.,583436081 ~-1.39545843 -8,24321990 -0.0835640:'9
19S. 10.57349968 2.33700013 F4.79106630 1.7800633% -8.625360081 ~-8.08377¢0c0
119, 190.56800037 1.60000002 ~5.61199993 1.44776464 -0.98475993 -8.036120%0
115. 18.316701¢&3 8.71779964 -5.34852314 2.86000289 -1.340699%1 ~0.02802%5%2
128. 9.94639968 9.19150083 -3.89442158 3.78888945 -1.60329%86 -0.81730008
125. 9.52910042 -0.02470002 ~2.80838R034 4.41921843 -1.84644771 -8.8251%£7¢
129, 8.649399962 0.42340022 -1.83353877 $.63174248 -2.86935978 -8.82135¢60
139, 7.4711839938 9.20850012 ~0.8SA2DZ 13 6.081152515 -2.28E77719 -9.820345)8
P8, 6.365539270 -8.2522Z0000 -1.441586854 2.79626322 -2.32%03350 -0.0811516¢9
145, - 5.38149937 -8.31289992 -3.33653998 ~3.41366126 -2.532682852 -8.916723%0
1S9, 4,30430031 -0.65386182 -2.83770999 -4,18250911 -2.60620070 ~-0.013% 1500
188, 3.38503973 -0.63669980 -1.34884119 -4.15274353 -2.68762596 -£.888447¢0
169, 2.3483000S -0.64259994 8.19745281 -1.66636145 -2.56:084128 -0.e85727.@
1ES. 1. 42550004 -9,32440001 -0.03204130 ~-0.14993578 -2.48435088 -0.985172.0
[N 1.8199%992 -9.11049999 -2. 15334680 ~-0.04630001 -2.37980066 -0.080033%0
I7S 4.25889941 -8.823102088 -2.83780810 -8.89350099 -2.24266005 -0.0001858
1gia, -8, 17440000 -9.2¢430008 g.oi01n0en -0.01750020 -2.179%6169 B.020000u0
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Table 54 SAMPLE OF TABULAR DATA IN APPENDIX A FOR M = 0.4, ¢ = 45 DEG

FILAMENT WOUND CASE RIGHT SIDE SRB STATIC STABILITY COEFFICIENTS

DREF=146 IN MACH= B8.48
LREF=17€9.& IN ) PHI= 45,
MREP=.S9%LREF (STR 1255.9)

ALPHA CN cM cy cYM CAR CR

a. 0.67130000 8.04630009 -0.00110800 0.08870008 8.86029983 -8.920e300u0

S. 8.45679989 0.46009991 -0.06530000 0.01880000 8.90450001 -0.816180€0
18. 8.79519975 1.845399%0 -9.992100088 8.02299900 8.99689992 0.01170800
iS. 1.13229998 1.75180006 -0.832930080 0.12509990 1.03738811 8.05056010
208. 1.655399¢€9 2.79280019 9.86080008 ~-0.25290000 1.81729965 8.072400800
25. 2.2515a813 4.02549816 0.11970089 -9.31189990 2.97000083 8.96758000
38. 2.9527e014 5.49939966 0.272639289 ©6.867200080 8.88749993 08.05495008
3S. 3.79779983 7.16139984 0.42579994 06.682100081 0.78349998 8.033089¢19
48. 4.45839018 8.46390057 0.53129977 8.75779992 8.62919992 -0.812100t19
45. 5.28000821 9.673969894 8.58786594 8.63220000 9.50520803 -8.063520000
58. 6.83719997 10.60589981 9.57079995 0.50989990 0.389929% ~8.127899¢3
S5. 6.74339996 10.82159996 0.46983173 0.21570000 28.26141708 ~8.168509¢0
€0. 7. 12608863 18.59777546 0.2049390S1 0.082660000 0.17819608 -0.18552640
€5. 7.38556043 18.46479511 -1.42469990 0. 14460000 ©.00280008 -0.20732240
70. 7.50320065 18.33469963 ~2.20342€98 1.16677070 -0.11519630 ~8.227354:0
v 7.541600:3 10. 19778050 ~1.80031216 B.382468180 ~-0.17633690 ~-0.2188%56%1
8a. 7.55799954 9.25559998 -1.23470032 -0.54897892 -8.21535448 -9.22058800
85. 7.608329%7 7.46639967 -0.58366352 -2.15626907 8.29542580 -8.22301200
90. 7.63010018 5.73050022 0.14043239 -1.89369714 0.31517058 -0.2269011
95. 7.62822934 3.46680021 8.31093620 -0.100821760 9.19759678 -0.224531:¢
108. 7.56800832 1.790699% 8.35919976 1.47448933 -9.11208290 -8.225705¢60
185. 7.53460026 9.53569984 0.10267¢ 79 3.92648768 -0.46575570 -0.21860740
110. 7.45158855 -0.33100000 0.34615570 4.99568695 -0.92185920 -8.19954922
115. 7.51509953 -8.937 199883 1.18575736 5.35431385 - -1.22839046 -0.17829870
128. 7.25239992 -1.41770017 0.62485723 5.412127@2 -1.51757574 -0.163881193
12s. 6.74720843 ~1.71168972 9.27918313 5.16914949 -1,73994780 -0. 14836808
130. 6.832300600 ~1.94840002 8.082491546 3.97672081 -1.97%96383 -0.12529608
13S. S.30630816 -2.29309988 -8.37729284 2.36991620 -2.18973589 -8.118668%1
143, 4.521499¢63 -2.45599985 -9.93974853 1.42882478 -2.36929226 -9.992516¢0
145. 3.60150020 -2.36819983 ~1.51687598 1.19383836 -2.559227394 -0.978284t0
158. 2.€55608812 ~2.25300002 -1.22558483 0.63598502 -2.63574028 -0.052196€0
155. 1.898s80612 -1.70760012 -8.994808104 -8.12673311 -2.61656937 -9.833694¢8
160. 1.26479995 ~1.88509994 -0.42499050 -@.39787650 -2.56692004 -0.01853248
165. 0.684299¢3 -0.55359977 -9.17961110 ~0.32448721 -2.4B660787 ~-8.008581:8
17e. 9.37519991 -8.27590081 8.003458906 -0.21897671 -2.38558483 -9.005047%
17s. B8.09130080 -9.05156000 0.00633000 ~08.06736000 -2.24%21989 -8.080448003
188. -8, 11785000 0.04Q56000 0.00497e09 ~0.02196009 -2.176%9983 -9.8020i7¢0
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Table 5-5 SAMPLE OF TABULAR DATA IN APPENDIX A FOR M = 0.4, ¢ = 90 DEG

FILAMENT WOUND CASE RIGHT SIDE SRB STATIC STABILITY COEFFICIENTS

DREF=146 IN MACH= B.40

LREF=1739.6 IN PHI=  98B.

MRP=, 594 REF (STR 1255.9)

ALPHA CN M cY cm ca CR

8. 0.971300008 9.83679000 -0.80050000 9.00870008 0.86629983 -0.02110000
S. 9.44509283 9.39619979 -8.087880000 -0.085620001 8.526209001 -2.817358u0
1e. 0.73899999 8.85749999 -8.12679999 -0.12710001 1.808979996 0.013200u9
15, 1.13229990 1.56220007 -9.87840681 -9.089990011 1.85130805 2.045852u8
28. 1.68649995 2.608489988 0.081080800 -0.55250802 1.92390003 8.06149000
25. 2.25159913 3.79099989 0.085833290 -0.68689996 0.97430003 0.858950¢0
39. 2.91990012 5.88100033 08.23919989 -0.53299999 0.88779992 9.04035000
3S. 3.680839573 6.55569983 0.402508003 -6.36600015 0.78349998 8.02285000
40. 4.45760859 7.93359947 0.43913978 0.81803998 0.61680003 8.81267340
as. 5.26610841 9.16550064 £.88893990 0.479500893 2.42180008 8.005913:8
50. 6.15330029 18.23499966 -9.22760001 0.97149986 0.294099%0 0.9002684:0
SS. 6.98398855 11.98229923 -9.45110982 0.88419986 0.182699%0 -2.803835t0
68. 7.76970100 11.73740905 -90.59133985 8.34219986 0.084323730 -0.886953.0
65. 8. 13579941 11.47150840 -8.73333993 -0.88511914 -9.11666000 -0.914334%9
70. 8.331900680 18.48680819 -0.769590@82 -2.96891203 -8.22759999 -0.0218417@
7S. 8.325600862 9.364108713 -9.64600003 ~2.89136100 -B.21%49%80 ~-8.824225:8
80. 8.38562112 8.21321487 -0.54763993 -3.58373621 -0.13043401 -8.917564:0
es. 8.14539909 7.12839985 -0.45280001 -3.15661645 8.16189770 -9.814085%8
90. B8.04119968 5.69759989 -8.49930000 -2.98360014 B.44470420 -9.81749138
95. v.99380016 4.42549992 -0.32889998 -2.86351204 0.34746768 -0.8197S¢ee
108. © 7.95402000 3.85509996 -0.3213%803 -2.78016551 -0.84370020 -0.81676048
185. 7.94599962 2.21349998 -8.36528069 -2.13511308 -0.44540390 -8.012687 0
11e. 7.82940006 1.88209987 -0.66447961 -1.88520002 -8.87223452 -0.008019:9
11S. ?.785899¢€4 8.14340010 -8.33958162 ~-1.516285€66 ~-1.219408756 ~-0.81527 143
129. 7.51749945 ~-0.57279992 -8.52203087 ~8.796295099 -1.56158376 -8.028747%9
125. 6.71970024 -9.82899982 -2.63043a77 ~-2.87808328 -1.83761156 -0.830648u0
139 S5.73120822 -8.86899982 ~2.16503986 ~-2.39212704 -2.895520082 -0.92246000
133 4.434593¢88 -1.81809998@ ~1.72880453 -0.52985810 ~2.24¢686813 -0.883916320
148, 3.89830017 -1.37850010 -1.20103562 ©.59127533 ~2.36718215 -8.008998452'1
14S. 3.57068951 -1.84e80008 -9.76333612 8.39878161 -2.53267527 ~-9.087658u9
158. 2.87420825 =-1.79619992 -0.47233611 ©0.25799209 -2.65547895 -0.00355609
155. 2.38450083 =1.46453973 -0.6147Z714 0.98723661 ~-2.67252827 -3.002254¢0
160. 1.746080805 -1.1€820812 -0.65332820 -0.41758901 -2.58793783 -9.904687%0
165. 0.688529992 -8.54259992 -0.2096:3680 -0.27292222 -2.48937773 -0.9082283¢0
178. 0.448599¢9 -8.24732998 -0.04717708 -0.13035240 -2.40162373 -0.00342800
17S. 9.21470000 -8.91840000 -0.046140008 -0.15206800 -2.256150020 -8.88233070
ise. 8.06690000 2.90570009 2.00875600 -8.8045602008 -2. 17829561 8.00000000
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Fig. 5-18 sSample Plot of Normal Force in Appendix B
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Fig. 5-19 Sample Plot of Pitching Moment in Appendix B
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Fig. 5-20 Sample Plot of Side Force in Appendix B
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Fig. 5-22 Sample Plot of Axial Force in Appendix B
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6. PROTUBERANCE INCREMENTS

The new FWC SRBs will incorporate several configuration changes which
will affect the SRB aerodynamic characteristics. These protuberances, which |
include a redesigned systems tunnel and ET attach ring along will fewer and
modified aft segment motor case stiffener rings, are described in Section
5.1. Presence of these protuberances will modify the basic SRB aerodynamic
data. It is reasonable to expect changes in the normal force, and axial
force, and pitching moment coefficients due to the addition of the protuber-
ances. In addition, however, the coefficient increments will also be a
function of SRB roll angle. Since the protuberances in effect create a non-
symmetrical body, it is reasonable to expect a change in the lateral force

coefficients (Cy. Cn' Cz) over the angle of attack and roll angle ranges.

NASA is trying to integrate the FWC systems tunnel and ET attach ring
designs on the steel case SRBs before flying on the FWC SRBs. As a result,
the TWT 691 wind tunnel test matrix was developed to allow an investigation
to detérmine protuberance effects on the reentry aerodynamic data. Configu-
rations were tested for the FWC and steel case systems tunnels, ET attach
rings, and stiffener rings along with configurations without these protuber-
-ances. These configurations allowed coefficient increments to be developed
for each of the individual protuberances. In addition, configurations were

tested to enable increments to be developed for the high performance motor

nozzle extension.

The data from the TWT 691 wind tunnel test was transferred to the
Lockheed in-house PDP computer by magnetic tape from the MSFC Univac 1108.
This enabled easy analysis of the data. Due to sting deflections all data
were not obtained at the same angles of attack. To alleviate this problem a
computer code was developed to interpolate the data to even angles of

attack. Table 6-1 shows three runs from the wind tunnel test after they
6-1
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Table 6-1 EXAMPLE RUNS FROM TWT 691 INTERPOLATED TO EVEN
ANGLES OF ATTACK

TWT-631 RUN= 180 MACH= 9.901 PHI= 4S5

PO= 22.015 PSTAT= 12.988 Q= 7.397 RN= 6,184

ALPHA CN cM cy CYM CR CRT XCPAB
148.00080 7.32412 $.6182 ~-8.5148 -8.3115 -0.1711 -2.9708 0.5278
142.90963 6.€32 44,4838 -8.6365 -8.3753 -8.1582 -3.9918 9.5355
144.08090 6.00819 3.3836 -8.7246 -8.1385 -0.1482 -3.8454 0.5443
145.0000 5.2965 2.3515 ~8.7155 9.09321 -0.1425 -3.0842 0.5542
148.06C0 4.5889 1,4133 -9.6389 -0.9799 ~-0.1342 -3.1150 0.5653
150.0020 4,291 8.6589 -0.7151 -0.13€5 -8.1234 -3.1273 8.5773
152.9693 3.4859 2.0519 -8.8232 ~8.4678 -8.1171 -3.1859 8.5888
154.90009 2.9981 -9.0951 ~-0.8987 -0.6126 -8.1019 -3.0791 08.5927
156.00€E0 2.5576 2.6548 -0.7820 -8.4732 | -06.0920 -3.8500 2.5881
158.0560 2.2042 8.2637 ~8.5896 ~-0.68529 -8.083] -3.8232 8.5801
160.0329 1.2464 8.5J18 ~8.4452 8.2283 -8.6710 -2.9986 8.5692

TWUT-691 RUN= 11,90 MACH= 0.8082 PHI= 45

PO= 22.813 PSTAT= 14.411 Q= 6.489 RN= 5.864

ALPHRA CH CcH Cy cm CR CAT XCPALB
140.0000 6.2331 ~1.8428 ~1.4996 -1,68688 -8.1923 -2.5289 0.6140
142.0800 S$.8S335 -1,32105 ~1.3833 -0.6036 -0.1782 -2.6247 0.6682
144.09080 5.3210 -0.94¢e8 -1.287Q -9.1018 -8.1628 -2.7138 8.6044
146.0c63 4.6922 -8.7343 -1.1517 0.0301 -9.1516 -2.7874 0.6029
148.6590 4.876S -8.6719 ~1.31434 -8.2268 ~0.1384 -2.8438 8.6835
150.0080 3.6031 -0.5202 -1.1272 ~-0.4410 -0.1248 -2.8752 0.6034
152.6600 3.1311 -8.5654 ~1.0491 -0.5%a4 -8, 10591 -2.£881 0.6047
154.0003 2.7435 -8.5252 -8.2377 ~0.6343 ~-0.8571 -2.8809 0.6056
155.0660 2.3793 -0.2359 -9.95322 ~8.5154 -0.0824 -2.€589 8.6031
158.ec89 £.0842 -0.1544 -8.8979 -0.2381 ~-8.0721 -2.8491 0.5964
160.0509 1.6334 D.05%43 ~0.8243 -0.8767 -8.8574 -2.8234 08.585S

TUT-691 RUN= 124 MACH= 0.688 PHI= 45

PO= 22,813 PSTAT= 17.246 U= 4,358 Ri= 4,913

ALPHA CH cH Cy CYM CR CAT XCPAB
149,004 S.17c4 -1.887¢6 -2.,0351 -2.3927 -0.1651 -2.3938 8.6072
142.0298 4,9445 -8.66853 ~1.7651 -1.9522 -9.157¢ -2.4610 B.6800
144,690 4.56%7 -9.3664 -1.4909 -8.35639 -0.1442 -2.5282 8.5965
145.0000 4.1615 -9.2587 -1.3711 -0.3373 -0.1389 -2.5891 8.5952
148.0€088 3.6806 -9.343s -1.4350 -0.6934 -0.1z01 -2.63082 08.5977
1S9.6€80 3.2573 -8.4723 -1.3879 -p.8414 -8.1090 -2.6484 0.6021
152.9899 2.89:3 ~-9.5298 -1.35029 -1.0822 -0.0934 -2.5504 0.6051
154.6290 2.835%1 -9.6266 -1.2359 -1.3999 -0.879% -2.6328 8.6103
156.0090 2.1749 -8.7032 ~1.1178 -1.1308 -0.0650 -2.6CH 9.6165
158.6090 1.3721 -8.7572 -8.9729 -0.9610 -0.9505 1.5978 0.6231
160.6C80 1.87-3 -9.71G63 -8.8622 -8.6665 -0.0380 RS | 0.6272
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were interpolated to even ables of attack by this computer program. The in-
terpolated coefficients for the configuration without the protuberances were
then subtracted from those of the configuration with the protuberances to
develop the individual aerodynamic contributions of each protuberance. The
data were then arranged into individual computef files for each protuberance
increment. Plots were made of each increment by a computer code developed
by Lockheed. These plots were analyzed and data anomalies were smoothed by
hand and reentered in the computer file. The data were then interpolated to
angles of attack in 5 deg increments. Because of the limited angle-of-
attack range that was tested, data had to be independently developed for
angles of attack from 0 to 100 deg. This was accomplished by hand fairing
the data back to zero. The data were then picked off at angles of attack of
5 deg increments from 0 to 100 deg.

Since the wind tunnel test program TWT 691 included roll angles of only
0, 45, and 90 deg, lockheed has developed a rationale which may be used to
develop the complete roll angle matrix for each of the protuberance incre-
ments. Table 6-2 shows the definition of the roll angle matrix development
for the stiffener rings and systems tunnel increments. These two were
judged to be compatible because any variation in stiffener ring coefficients
with roll angle variation would probably be due to interference from the
systems tunnel. Notice that the lateral directional data require a change
of sign for roll angles 135 to 315 deg. Table 6~3 depicts the roll angle
matrix definition for the ET attach ring increments. The development of the
ET attach ring increments over the complete roll angle matrix requires a

sign change in the lateral directional data for roll angles 135 to 270 deg.

Each of the protuberances will be discussed in detail in the following
subgsections. The analyses performed on each protuberance along with sample
plots and tables will be presented.

6.1 HIGH PERFORMANCE NOZZLE INCREMENTS

Figure 5-1 depicts the SRB nozzle extension being separated at apogee.

All previous and current SRB reentry data tapes are for SRB configurations

6-3
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Table 6-2 DEFINITION OF STIFFENER RINGS AND SYSTEMS
TUNNEL INCREMENT FOR ALL ROLL ANGLES

Configuration Roll Angle Data Used
0° 0°
45° 45°
90° 90°
135° 45°

(Change sign of the lateral
directional data)

180° 0°
(Change sign of the lateral
directional data)

225 90°

(Change sign of the lateral
directional data)

Windward Side

OQOOCOOOO0

270° 90°

(Change sign of the lateral
directional data)

315° 90°
(Change sign of the lateral
directional data)

360° 0°

6-4
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Table 6-3 DEFINITION OF ET ATTACH RING INCREMENTS
FOR ALL ROLL ANGLES

Configuration Rotl Angle Data Used

00 00
45° 45°
90° 90°

135° 45°

(Change sign of the lateral
directional data)

180 0°

(Change sign of the lateral
directional data)

225 45°

(Change sign of the lateral
directional data)

270° 90°
(Change sign of the lateral

directional data)

315° 0°

(Change sign of the lateral
directional data)

360 oo

6-5
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without the nozzle extension and thus the aerodynamic data base does ﬁot
consider the influence of the nozzle extension. The STS-1 flight was the
only flight where the ndzzle extension was separated at apogee. Post flight
reconstruction theorized that the separation of the nozzle extension
resulted in an unforeseen incidence of aerodynamic flutter that tore the
thermal curtain. On the second flight (STS-2) the integrated electronics
assembly was programmed to delay the nozzle extension severance from apogee,
which was 270,000 ft in the first flight, until approximately 20 sec after
deployment of the main recovery parachute. Thus, starting from STS-2 the

nozzle extension has been present during reentry until after deployment of

.the main parachutes.

At this time, no decision has been made on whether the FWC SRBs will
reenter with or without the nozzle extension. Therefore, the aerodynamic
effects the addition of the nozzle extension has upon the SRBs is of inter-
est. Lockheed has analyzed data from the wind tunnel test program TWT 691
and previous nozzle increments (see Ref. 6). Figure 5-4d shows the nozzle
configurations which were tested in the TWT 691 test program. This analysis
has culminated in the development of a model data base reflecting the aero-

dynamic characteristic increments for the high performance nozzle extension.

Figure 6-1 presents a comparison of Data Taﬁe 8 andAData Tape 7 axial
force with and without nozzle extensions for a 180 deg angle of attack.
Notice that the addition of the high performance nozzle produces a signif-
icant reduction in negative axial force coefficient which translates into a
decrease in drag at this angle of attack. This is important to the recovery
since the SRBs must decelerate to a velocity which will allow safe deploy-

ment of the recovery parachutes.

Figure 6-2 shows a comparison of the center of pressure increment loca-
tion of both the previous and the new high performance nozzle increments.

These were calculated by the following equation:
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1 |
0.5 1.0 1.5 2.0 2.5 3.0 3.5
Mach Number

Fig. 6-1 .- Comparison of Drag Due to Addition of High
Performance Nozzle and Standard Nozzle
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Fig. 6-2 Comparison of Center of Pressure Resulting from 0ld

and New High Performance Nozzle Increments
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In theory, the center of pressure should fall within the nozzle location
band. Notice that the new increments are closer to the nozzle band than the
previous increments. This is believed tq be due to an increase in accuracy
since the new increments are presented in angle of attack incremeants of 5

deg while the previous increments are presented every 10 deg.

Figures 6-3 through 6-5 show comparisons between nozzle increments from
TWT 691, TWT 679 and those presently in use for normal force, pitching
moment, and axial force. These plots were analyzed to develop the nozzle

increments. The lateral directional increments for the new high performance

nozzle were zero due to the symmetry of the nozzle extension.

Table 6-4 is an example of the tabular data presented in Appendix A for
the high performance nozzle increments. Only a roll angle of zero degree is
presented since the aerodynamic characteristics of the nozzle do not vary
with roll angle. The Mach numbers presented are 0.4, 0.5, 0.55, 0.6, 0.7,
0.8, 0.9, 0.95, 1.05, 1.1, 1.2, 1.3, 1.46, 1.96, and 2.99. Figures 6-6
through 6-8 show examples of the plots of high performance nozzle increments
that are presented in Appendix A. In the appendix, all the longitudinal
coefficient increment plofs for one Mach number are grouped together.

6.2 SYSTEMS TUNNEL INCREMENTS

Lockheed has developed increments for both the steel case and FWC sys-
tems tunnel configurations. These increments were developed using data from

the TWT 691 test program. The configurations tested are presented in Fig.
5<4a.

Figures 6-9 and 6-10 show cross plots of rolling moment coefficients
versus roll angle for the FWC and steel case systems tunnel configurafions.
Notice that the greatest rolling moment increment is developed at a roll
angle of 45 deg. The rolling moment increment is the one most affected by
the systems tunnel. Figures 6-11 and 6-12 show sample plots of the systems

6-9

LOCKHEED-HUNTSVILLE ENGINEERING CENTER



CariAl PAGE IS LMSC-HEC TR D951500-1
OF POOR QUALITY

HIGH PERFOGRMANCE NOZZLE INCREMERNT

MACH = 1.20 PH] = 0

3,00, .,

2,90

(CN)

.00

aaita

1

Lioi Ny

0.00

A4l

,52:80

sAdis

NOAMAL FORCE INCREMENT

L2208,

-3.00 .,

AL

-4.00

Al ot Pl

5:00

—

] T T e T T = - e
00.00 110.00 120.00 130. 00 1Ug. 00 150. 160.Ou 170. 00 180.00
RNGLE OF RTTACK (<)

O TWT 691 Data
X TWT 678 Data
'] 1Increments now in use by NASA

Fig. 6-3 Comparison of Data Used to Develop the Normal Force
Increment for the High Performance Nozzle

6-10

. LOCKHEED~-HUNTSVILLE ENGINEERING CENTER



1MSC-HEC TR D951500-1

coL ML PAGE IS
OF +COR QUALITY

HIGH PERFORMANCE NOZZLE INCREMENT

HACH = 1.20 PHI = 0o

5.00

2. 00
et T

(ci)

PreY

1.60
Mt

T INCREMENT
00 20

-1.00

FITCHING MOMEN

s L ax

~-2.00

=7.,00
A

4,00

R

SN S SRR SN 0 DU A . S M MOOU A S S L LA S
100. 00 110.00 120.00 130.0 140,00 g50300 160, 00 170. 00 130.00
) [o.d

O TWT 691 Dbata
X TWT 678 Data
] fncrements now in use by NASA

Fig. 6-4 Comparison of Data Used to Develop the Pitching Moment
Increment for the High Performance Nozzle

6-11

LOCKHEED-HUNTSVILLE ENGINEERING CENTER



e iL FIEE IS LMSC-HEC TR D951500-1
OF POGR QUALITY

HIGH PERFORMANCE NOZZLE INCREMENT

MACH = 1.30 Pill = o

[CA}

1,00, ...,

A2aas3

000

AYIAL FORCE INCREMENT

£,

a

-3.00
R

alin

,,,,,

-4,0n

Adad il ) Caaadat

[

(S A A A O T O A D _

5 NN NEREINS U IS S SNLAS LA S LU LA S

160. 00 110.00 120.00 130, 00 1ug, 0p 150. 00 160. 00 170.00 180. 00
ANGLE UF ATTACK (o)

O TWT 691 Data
X TWT 678 Data
] Increments now in use by NASA

Fig. 6-5 Comparison of Data Used to Develop the Axial Force
Increments for the High Performance Nozzle

6-12

LOCKHEED-HUNTSVILLE ENGINEERING CENTER



LMSC~-HEC TR D951500-1

ORIGHL PAGE IS
OF POOR QUALITY

0nNonUNIT0
60u01333°0
GOOBONRNHN" 0
BISLAGIHI"0
Ns3LLA0A°0
0C22c933°0
03309006°0
853006:60°0
Anoonsos° e
600N0R0A°0

85068000°8
(36866008 ° 6
gnocarnn o
aucnisoe - a
GoanAEN3" 0
nunENnoa°0
890502008
cNENsLaN°e
#06606A00 0
80000000°0
829N0GB0A° 0

nRoNBOCEA 6 -

elcicisloleielc Ay
(13330063°0
clalTelstclcle M)
638360600
059085603°0
00S0oAAGE "6
B00G0B00°06
(0000063 °0
GE33TB03°6
GNOB36GO "0
6R0ONRON"0
8oCcoeBsces ‘8

ABDOBGELE°0
180606990° 1
26000696°0
£0900658°0
6000Z6138°0
66661621°0
6000Z2620° 0~
0Bo0ZS9l "a-
00005561 *B-
0Bo0£ast 8-
60605921 * 0~
B8619Z1S0°6-
00666£620°6-
8RO09-00° 6~
B0B06.80°06
G0002P60° 8-
anBeeLENZ " 6-
18002991 * 6~
66006521 "6~
B6MABOS80 ° 8-
[=lalelelebeid Ry s Ty
000605206 ° 6~
800606060 °06
6B8006000°0
600036000
elelslelalcicichac)
066006006°09
clclalslelclelc Byc)
efeleslalelole Rye]
06300600 ° A
lelelclalelels hye)
0RB00BGO "0
600006603
66300000°8
8800/30N0°0
B8B00BOBO A
80066060 ° 6

00300000°0
660800680°0
666006600
660VBYI0 "B
60006000°0
086L0033°0
86000060 °6
86136060000
fBOB060B 0
6080B8066°0
008006060°6
0060060R00°06
066000006 °0
680060068°06
zlclulalelz]elz e
06000600 ° 6
00006806008°0
866000000
(3600006606
6000686068
0H3330A806° 6
0neoNeNae° o
666006600
elcleluelcle o)
8060606606
G66006600°6
86000000° 6
6600060063°06
aleleiclzlzicic Ae]
60600006 "6
606008660°06
BB006000° 0
(clulzlelcleleic Rye]
B8066G006R"a
00606608 ° 06
600N0B0G° A

000008200
6Gooooce"e
B800066RB0L ° D
G0VB0ANe 6
600600BG "0
600000008
8066600668
#0000060° @
00000086°06
800060000
clcfelclcieic]py ]
80000060 ° 08
606006006°06
6600680066° 06
(8000068060 " 0
60600666°06
0130000000
00060600°0
80000nNce-°6
0BGr0BEA"0
0300sNA"a8
6060AGCR0 6
060600600°0
66060006°6
elefelelelelzlc i)
00008066e° 0
80060000°06
6000600 °0
6006600860°0
elelelelels]cle ay )
6006006008
66A0A06O" 6
8306000066 ° 0
8000066068° 0
060068060
ANO0Coes "0
060606800°0

‘a =1Hd
or° 6 =HJul

QauAGNUND°“ o
6063005pPE " 0-
1060223576~
GGGoPZI9 0~
666665650~
160023852 ° 6~
666622220~
000nanG61 “6-
1080629p°0-
10060508 ° 0~
6666481271~
£0800518pP° 1~
26660826° 1~
0805655 ° | -
9666235V ° 1~
£00000PE" 1 -
9666522 1~
SABABHL0° 1~
66660168°06~
£0e006Ls " 0~
€665rB09° 6-
66666PIPP B~
1800056L "8~
a0005002 ° 8-
B86A0O0ZT "8~
080B0SF0° B~
86080008°0
00060000°6
6660600000
660800006°0
60060006°0
(s]gc]afs]E]=1c R
000800060
8606006060°6
00600000 ° 6
6060600706
8ABGBEOB° 0

LNIWININT 37220H IINBWAOAAId HIIH

SJ1U3UWaIDOUT BTZZON

souemiojied YStH 103 V xTpuaddy ut eieq iernqel jo d1duweg

RH0YB008° 8 ‘681

0006rS90°8 ‘G4
A0OBREGG "3~ ‘B4t
QB002191° 0~ ‘531
00BVsSELR 6~ *091
80805r90° 0- “6G1
ac0606..01 "0~ ‘8s1
666561621°0 ‘SPl
1003932 °0 ‘Bri
10000555°0 ‘szl
6666£125°8 ‘ect
16068FZP "0 ‘G2t
16182692°0 ‘ect
60005a8uP 8 ‘STt
196BV53P ° 0 ‘erl
B656F055° 8 ‘sol
26608105 °0 ‘eal
666661EP 0 ‘G6
060605ke "0 ‘86
060RR0L2"°0 ‘S8
68R3ALNT1 "0 *es
o0[0nsiFe° o =4
000BBNBO "0 o<
60006003°0 ‘69
(A6006GBCH°06 ‘89

elalelolelalels i) °6S
660060A3°0 *B8S
6003RABO0 i

GB300Ac06 0 ‘op
BENAAACYE "3 ‘S

8BeneBBo "8 “eg
B0GGROCA A8 ‘s
806030308 ‘8
alofclalalalale Rys] ‘Sl

ellsla v elcle ) ‘al

2006006009 ‘S

808860600 °0 ‘8

NI UH4TY

(6°G5CT ULS) 433468 " =dil
NI 9°6841=4347
NI Sti=333d

€~9 97qeL

6-13
LOCKHEED~-HUNTSVILLE ENGINEERING CENTER



i PASE 1S

ORiGH UALITY

OF POOR Q

HPN INCREMENTS

2.99 PHI

MACH

LMSC-HEC TR D951500-1

c

4.00

...........

NJ
00

1.

.00

1]

.00

-1

-2.00

NORMAL FORCE INCREMENT

-3.00

€3.0 sb.obh
FNGLE CGF PTTACK

Fig. 6-6 Sample Plot from Appendix A of High Performance
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Fig. 6-9 Cross Plot of Rolling Moment Increments
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6-18

LOCKHEED-HUNTSVILLE ENGINEERING CENTER



| LMSC-HEC TR D951500-1
ORIGINAL PAGE IS
OF POOR QUALITY

FWC SYSTEMS TUNNEL INCREMENT

HACH = 1.30 PHI = 4s

0,60

€0

0.Un

0.0

-

THEREMENT (CR)

-0. (0

el

LALILTING yQUENT

NYAUT

0.0

AT A ST T LN P R TR TN S WS T W S W S e e e

1.00

-0.C0
AT P ST ORI

ol

00 20.00 .00 60,00 0,50 I0.00  350.30  4N0.U3  si0.uG 160w

AMNGLE OF ATTACR (<2

Fig. 6-11 Sample Plot of Rolling Moment Increment
for FWC Systems Tunnel
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tunnel increments versus angle of attack for the FWC and steel case SRBs.
Tables 6-5 and 6~6 provide examples of the tabular data available in Appen-
dix A of both the FWC and steel case systems tunnel increments. There is
data in Appendix A for Mach numbers of 0.6, 0.9, 1.1, 1.3, and 2.99 and for
roll angles of 0, 45, and 90 deg.

6.3 ET ATTACH RING INCREMENTS

Increments for both the steel case and FWC ET attach ring configura-
tions have been developed. The configurations used to develop these incre-
ments from the TWT 691 test are pictured in Fig. 5-4b. These increments are
probably the.least significant of the protuberances in the reaspect that the
difference between the two configurations is so small.

Figures 6~13 and 6-14 show sample plots of the ET attach ring incre-
ments for the FWC and steel case configurations. Tables 6~7 and 6-8 preseat
samples of the tabular data for each of these increments as they appear in
Appendix A. Each increment is presented in the appendix for Mach Numbers of
0.6, 0.9, 1.1, 1.3, and 2.99 and roll angles of 0, 45, and 90 degrees.

6.4 STIFFENER RINGS INCREMENTS

Lockheed has developed increments for the steel case and FWC aft seg-
ment stiffener rings. The configurations used to develop these increments
from the TWT 691 test are presented in Fig. 5-4c. The axial force coeffi-
cient is the most important>of the stiffener rings increments because it has

the largest contribution to the aerodynamic characteristics of the SRBs.

Figures 6-15 and 6-16 show sample plots of the stiffener rings incre-
ments for the FWC and steel case configurations. Tables 6-9 and 6-10 pre-
sent examples of each of these increments as they are presented in tabular
form in Appendix A. In the appendix each increment is presented for Mach
numbers of 0.6, 0.9, 1.1, 1.3, and 2.99. The FWC stiffener rings increment
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Fig. 6-13 Sample Plot of Pitching Moment Increment
for FWC ET Attach Ring
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Fig. 6-14 Sample Plot of Pitching Moment Increment
for Steel Case ET Attach Ring
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FWC STIFFENER RINGS INCREMENT
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Fig. 6-15 Sample Plot of Axial Force Increment
for FWC Stiffener Rings
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Fig. 6-16 Sample Plot of Axial Force Incremet
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presented for roll angles of 0, 45, and 90 degrees while the steel case in-
crement is only presented for a roll angle of zero degrees. If the mutual

interference between the stiffener rings and other protuberances 1s assumed
to be zero, the FWC stiffener ring increment is then assumed to not vary

with roll angle. Analysis of the steel case data shows this assumption to
be valid.
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7. CONGLUBIONS

The efferts of this eentraet have resulted in a better understanding of
the aeredynamie eharacteristies of the BRBs during reentry and the effeets
the individual pretuberances have upen the Feentry aeredynamies, This
knewiedge sheuld have a signifieant effeet in aiding develepment of aeredy=
fanie data fof future flight vehiele eonfiguratiens,

Data Tape 7 prevides the best available reentry aeredynamiec definitien
of Ehe eurrent baseline right side steel ease BRB witheut nesale exteasien,

These data sheuld be used te develop reentry trajeeteries and dynamie be=
havier ef the steel ease 8RB,

Data Tape 8 was developed to provide the reentry aeredynamies fof the
baseline Filament Weund CGase (FWC) right side BRB witheut neazle extensien.
This tape should be used te analyse the reeatfy eharacteristies of the FWe
8RB,

The TWT 691 wind tunnel test pregram did net medel the thermal heat
shield en the PWE BRB eonfiguratien therefere Data Tape 8 prevides the re=
entFy aeredynamies of the FWE BRE witheut the heat shield. The heat shield
has a signifieant effeet upen the axial feree eoefficients, Absenee of the
heat shield eauses an inerease in negative axial feree resulting in a higher
drag at the high angles of attaek eneountered during feentfy; The magnitude
of the heat shield effeet is mueh greater than what was measured in previeus
tests, All data tapes prier te Data Tape 8 tiodeled the heat shield. Due te
Ehe uneertainty of the presence of the heat shield during reentry, this dif=
ference should be addressed te ensuFe an aceurate Fepresentatien ef the BAB
FeefEFy aeredynamie eharaeterisgties,
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Seven séts of increments were developed for the predominant steel case
‘and FWC protuberances. These protuberances are: thé high performance motor
nozzle extension, the FWC and steel case systems tunnel, the FWC and steel
case ET attach rings, and the FWC and steel case stiffener rings. The high
performance nozzle increment contributes significantly to the longitudinal
data. The difference between the FWC and steel case systems tunnels has the
greatest effect upon the rolling moment coefficients,while the difference in
stiffener rings contribute mainly to the gxial force coefficients. The con-
figuration of the ET attach ring has the least effect of all protuberances

due to the close simularities between the FWC and steel case configurations.
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